VOLUME 17 | NUMBER 7 | JULY 2014 nature neuroscience B r i e f c o m m u n i c at i o n s Astrocytes are the most abundant cells in the CNS, yet they have often been relegated to a less than prominent role in the control of complex brain functions supported by neuronal circuits 1,2 . The regulation of food intake and energy expenditure is tightly linked to the synaptic plasticity of hypothalamic neural circuits 3, 4 , processes in which glial cells have also been implicated 5, 6 . It has not yet been explored whether this involvement of glia is secondary or has an active role in the promotion of these processes initiated by leptin 7 .
B r i e f c o m m u n i c at i o n s
Astrocytes are the most abundant cells in the CNS, yet they have often been relegated to a less than prominent role in the control of complex brain functions supported by neuronal circuits 1, 2 . The regulation of food intake and energy expenditure is tightly linked to the synaptic plasticity of hypothalamic neural circuits 3, 4 , processes in which glial cells have also been implicated 5, 6 . It has not yet been explored whether this involvement of glia is secondary or has an active role in the promotion of these processes initiated by leptin 7 .
Previously, the long form of leptin receptors (Lepr) was located in astrocytes via immunocytochemistry 8, 9 . However, because of questions regarding antibody specificity, it remains controversial whether astrocytes express functional Lepr. We found immunolabeling of glial fibrillary acidic protein (GFAP) in a subset of Lepr-driven EGFP-expressing cells (Supplementary Fig. 1 ). Lepr mRNA was detected from translating ribosomes of astrocytes (Supplementary Fig. 1 ). Finally, we found that mRNA of Lepr was expressed in purified mouse hypothalamic astrocytes using astrocyte primary culture (Supplementary Fig. 2) .
To test the role of the long form of leptin receptors in glial cells, we generated a genetic mouse model in which leptin receptors are time-specifically ablated in astrocytes. Because glial cells are the progenitor cells for neurogenesis during brain development 10 , we used a tamoxifen-inducible Cre-ERT2 system to allow cell-and time-specific knockout of leptin receptor in adult astrocytes (Supplementary Fig. 2 ). To assess whether functional Cre protein was restricted to astrocytes and induced by tamoxifen injection, we crossed GFAP-CreERT2 mice with tdTomato-loxP reporter mice, which express red fluorescent protein. We confirmed successful Cre-mediated recombination in GFAP-positive cells by detecting tdTomato-positive cells after injection of tamoxifen (Supplementary Fig. 3 ). This recombination was found to be specific to astrocytes, as the tdTomato-positive cells did not express Iba-1 (a marker for microglia) or NeuN (a marker for neurons) (Supplementary Fig. 3 ). In addition, we combined in situ hybridization with immunohistochemistry to validate the selective loss of functional leptin receptors from GFAP-positive cells in GFAP-Cre transgenic mice that are homozygous for a loxP-flanked Lepr allele ( Fig. 1a and Supplementary Fig. 1 ). We further confirmed the deletion of leptin receptor exon 17 in astrocyte primary cells of Gfap-Lepr −/− mice by reverse transcription (RT)-PCR ( Supplementary Fig. 2 ).
Given that we previously found that leptin affects glial morphology 6,11 , we first analyzed astrocytes in the arcuate nucleus of mice following leptin receptor knockout (Fig. 1b) . Astrocyte-specific loss of leptin receptors did not alter the total number of GFAP-positive cells in the hypothalamus (Fig. 1c) . However, Gfap-Lepr −/− mice showed fewer numbers ( Fig. 1d ) and shorter lengths (Fig. 1e) of primary astrocytic projections. We also analyzed astrocytes in the hippocampus. Notably, we detected Lepr mRNA in the hippocampus (Supplementary Fig. 4a ), but there were no changes regarding the number and morphology of GFAP-positive cells (Supplementary Fig. 4b-e) .
Previously, we reported that astrocytic processes are involved in synaptic plasticity of feeding circuits, including those comprising the proopiomelanocortin (POMC) neurons that secrete α-melanocyte stimulating hormone (α-MSH) and AgRP (agouti-related protein) neurons that co-produce neuropeptide Y (NPY) and GABA 5, 6 . This led us to evaluate the patterns of glial ensheathment onto the perikaryal membranes of POMC and unlabeled neurons in the arcuate nucleus by electron microscopy. Gfap-Lepr −/− mice had lower glial coverage on the perikaryal membranes of POMC ( Fig. 1f and Supplementary Fig. 5a ) and unlabeled neurons (Fig. 1g ) than control mice. We then analyzed glial coverage of POMC and AgRP cells of Gfap-Lepr −/− mice using double immunofluorescence: GFAP immonolabeled with red fluorescence in association with green fluorescent protein (GFP)-labeled POMC or AgRP neurons (Npy-hrGFP mice were used for the latter; these mice allow visualization of AgRP neurons through coexpression of NPY and AgRP in these cells). We found that direct contacts were lower between astrocytes and either POMC (Supplementary Fig. 5b,c) or AgRP (Supplementary Fig. 5d ,e) neurons in Gfap-Lepr −/− mice relative to control values.
We found that leptin receptors were expressed in hypothalamic astrocytes and that their conditional deletion led to altered glial morphology and synaptic inputs onto hypothalamic neurons involved in feeding control. Leptin-regulated feeding was diminished, whereas feeding after fasting or ghrelin administration was elevated in mice with astrocyte-specific leptin receptor deficiency. These data reveal an active role of glial cells in hypothalamic synaptic remodeling and control of feeding by leptin.
B r i e f c o m m u n i c at i o n s POMC cells. We also observed an increase in the amplitudes of both mIPSCs and mEPSCs onto the POMC neurons of Gfap-Lepr −/− mice ( Supplementary Fig. 6c,d ). On the other hand, there was no alteration in the amplitude of miniature postsynaptic currents onto the AgRP neurons ( Supplementary Fig. 6a,b) . These findings suggest that the reduced astrocyte coverage may affect the signaling pathways linked to the postsynaptic receptors of POMC neurons, presumably by buffering trophic factors in the respective synaptic cleft area.
We previously found that the synaptic input organization of the melanocortin system predicts the behavioral output of the melanocortin system in the face of a changing metabolic milieu 3, 5, 12 . Thus, we next assessed the metabolic phenotype of Gfap-Lepr −/− mice and their littermate controls but found them to be normal in phenotypes Next, we assessed whether reduced astrocyte coverage affects synapse number on arcuate nucleus neurons. First, we analyzed synapse number and type by electron microscopy. We found that there were elevated numbers of both symmetric and asymmetric synapses on both POMC (Fig. 2a,b) and unlabeled neuronal perikarya (Fig. 2c) in Gfap-Lepr −/− mice relative to controls. Accordingly, we found an elevated frequency of miniature inhibitory postsynaptic currents onto POMC neurons (mIPSCs; Fig. 2d ), but there was no change in the frequency of miniature excitatory postsynaptic currents onto POMC neurons (mEPSCs) onto POMC cells (Fig. 2e) . AgRP neurons had an increase in the frequency of both mIPSCs and mEPSCs (Fig. 2f,g ). Taken together, these data indicate that leptin receptor signaling in astrocytes regulates the synaptic input organization of AgRP and Fig. 7a-h) . However, the effects of both single and multiple injections of leptin to suppress feeding were diminished in Gfap-Lepr −/− mice relative to controls (Fig. 3a,b) . Consistent with these results, leptin-stimulated Fos activity was attenuated in the GfapLepr −/− mice ( Fig. 3c and Supplementary Fig. 8a ). These findings are consistent with the observed increase in the number of inhibitory inputs onto the POMC neurons in these mice, as it has been shown that leptin exerts its effect on POMC neurons, at least in part, by the suppression of their inhibitory inputs 13, 14 . The effect of the selective knockout of Lepr in astrocytes on mIPSCs (but not on mEPSCs) recapitulated the effects of leptin that we previously observed in Lep ob/ob mice. However, the lack of a measurable effect of leptin on mEPSCs of POMC cells was not reflected in morphological alterations regarding putative excitatory inputs. These discrepancies may be a result of the fact that leptin signaling is more broadly affected in Lep ob/ob mice, but they also highlight the idea that the interrogation of circuit integrity and function cannot be reliably asserted by a single approach.
Next, we determined the responses of Gfap-Lepr −/− mice to fasting or ghrelin, a gut hormone that is elevated during negative energy balance and that promotes feeding behavior 15, 16 . Fasting-induced hyperphagia was enhanced in these mice compared with controls (Fig. 3d) . Gfap-Lepr −/− mice also showed elevated ghrelin-induced food intake (Fig. 3e) . Consistent with these findings, AgRP neurons of Gfap-Lepr −/− mice exhibited an increased number of Fos-expressing nuclei in response to fasting than controls ( Fig. 3f and Supplementary  Fig. 8b ). These observations are consistent with the findings that food deprivation or ghrelin administration elevates AgRP neuronal activity, at least in part, by mediation of presynaptic excitatory inputs 17 , which we found to be controlled by astrocytes.
Collectively, we found that that leptin receptor signaling in astrocytes has a previously underappreciated active role at the arcuate nucleus interface between afferent hormones, hypothalamic synaptic adaptations and strength, and CNS control of feeding. The extent to which these processes may be involved in the development of obesity in response to overnutrition and the identity of the intercellular signaling modalities that enables glial cells to alter synaptology need to be determined. Gfap-Lepr −/− mice showed increased feeding after fasting or ghrelin administration (d: n = 6 mice for GfapLepr +/+ , n = 7 mice for Gfap-Lepr −/− ; P = 0.0378, t 11 = 2.361 for 1 h; P = 0.0092, t 11 = 3.150 for 3 h; e: n = 5 mice for Gfap-Lepr +/+ + vehicle, n = 6 mice for Gfap-Lepr −/− + vehicle, n = 12 mice for Gfap-Lepr +/+ + ghrelin, n = 11 mice for Gfap-Lepr −/− + ghrelin, P = 0.04, F 1,32 = 4.57). (f) The number of Fos-positive AgRP cells induced by overnight fasting was enhanced in Gfap-Lepr −/− mice (n = 12 slices for Gfap-Lepr +/+ fed, n = 20 slices for Gfap-Lepr +/+ fasted, n = 17 slices for Gfap-Lepr −/− fasted; P < 0.0001, t 30 = 6.721 for Gfap-Lepr +/+ fed versus Gfap-Lepr +/+ fasted; P < 0.0001, t 35 = 6.848 for Gfap-Lepr +/+ fasted versus Gfap-Lepr −/− fasted). White arrows indicate double-labeled cells. *P < 0.05, **P < 0.01, ***P < 0.001 versus (+/+), leptin or fasted. Data are presented as means ± the s.e.m. P values for unpaired comparisons were analyzed by two-tailed Student's t test. Two-way ANOVA was performed to detect significant interaction between genotype and treatment (leptin or ghrelin). Two-way repeated-measures ANOVA was performed to detect significant interaction between genotype and time (multiple injections of leptin). Food intake measurement. All mice used in these studies were 2-month-old males and were individually caged 5 d before the start of feeding studies to allow the animals to acclimatize to their new environment. For the fasting-induced feeding behavior, 1-and 3-h rebounded food intake were measured after 18-h food deprivation (beginning at 2 h before the dark cycle). For the ghrelin-induced feeding, mice received ghrelin (3 mg per kg, intraperitoneal) at the early light cycle (ZT 3). Food pellets were weighted and added to the mouse cage 30 min after ghrelin injection and 1-h food intake was measured. To determine the leptin response on feeding behavior, mice were food deprived for overnight (18 h) and then received leptin (3 mg per kg, intraperitoneal) 2 h after the dark cycle (ZT 14). 1-and 2-h food intake were measured 30 min after leptin injection.
To determine the effect of repetitive injection of leptin on daily food intake, food intake was measured every day for 5 d after daily administration of leptin (3 mg per kg, intraperitoneal).
Analysis of metabolic phenotype. 3-month-old male mice were acclimated in metabolic chambers (TSE Systems) for 4 d before the start of the recordings. Mice were continuously recorded for 3 d with the following measurements being taken every 30 min: water intake, food intake, ambulatory activity (in X and Z axes) and gas exchange (O 2 and CO 2 ) (using the TSE LabMaster system). VO 2 , VCO 2 and energy expenditure were calculated according to the manufacturer's guidelines (PhenoMaster Software, TSE Systems). Body composition was measured using magnetic resonance imaging (EchoMRI).
electron microscopy. Under deep anesthesia, 3-month-old male mice were killed by perfusion (4% paraformaldehyde (wt/vol), 0.1% glutaraldehyde (vol/vol), and 15% picric acid (vol/vol) in phosphate buffer (PB)), and their brains were processed for immunolabeling for electron microscopy studies. Ultrathin sections were cut on a Leica Ultra-Microtome, collected on Formvar-coated single-slot grids and analyzed with a Tecnai 12 Biotwin electron microscope (FEI). The electron microscopy photographs (×11,500) were used to measure astrocytic coverage and the numbers of synapses on perikaryal membrane of POMC and unlabeled neurons. The analysis of synapse number was performed in an unbiased fashion as described elsewhere 3, 20 . The analysis of the astrocytic coverage was performed as described previously 5, 6 . All investigators were blinded to the experimental groups during the entire procedure.
electrophysiology. Gfap-Lepr +/+ and Gfap-Lepr −/− mice (4-week-old male) labeled with the Pomc-GFP or Npy-hrGFP were killed at the beginning of the dark cycle, and the ARC was sliced into 250 µm slices (two per mouse), containing the Pomc-GFP or Npy-hrGFP cells. Slices were then incubated with artificial cerebrospinal fluid at 35 °C for 4 h. After stabilization in artificial cerebrospinal fluid, slices were transferred to the recording chamber for recording mIPSCs and mEPSCs as described previously 3, 21 .
Immunohistochemistry. 3-month-old male mice were anesthetized and transcardially perfused with 0.9% saline (wt/vol) containing heparin (10 mg l −1 ) followed by fixative (4% paraformaldehyde, 15% picric acid, 0.1% glutaraldehyde in 0.1 M PB). Brains were collected and post-fixed overnight before coronal sections were taken at every 50 µm. Quantification of astrocyte number and projections. For the quantitative evaluation of astrocytes, six sections throughout the arcuate nucleus per animal were analyzed. Astrocytes were detected by DAB-based immunohistochemistry with GFAP antibody followed by crystal violet staining to identify their nuclei. Images were captured with a 40× objective using a digital camera and analyzed using ImageJ software. Cells were counted according to the optical disector technique 3 . The number of primary projections was determined for each GFAP-positive cell that was included entirely in the field of analysis and Sholl's analysis 7 was performed to assess differences in the extension of glial processes as described previously 22 .
detection of Lepr mRnA in astrocyte (in situ hybridization). To verify our animal model with specific deletion of leptin receptor expression in astrocytes, we combined in situ hybridization with immunohistochemistry using astrocytespecific leptin receptor knockout (Gfap-Lepr −/− ) mice and their control mice (Gfap-Lepr +/+ ). To this end, we designed leptin receptor-specific riboprobes to specifically recognize mRNA region corresponding to Lepr-delta exon 17 allele (NM_146146, NCBI GenBank). The riboprobes were labeled with S 35 and purified with a spin RNA column (Roche Diagnostics). Brain tissues from GfapLepr −/− and control animals were quickly removed, frozen in liquid nitrogen, coronally sectioned at 20-µm thickness using a cryostat, and stored in −80 °C until use. First, we performed radioactive in situ hybridization using the S 35 -labeled riboprobes as above following the protocol reported previously 23 . Briefly, sections were fixed with 3% paraformaldehyde solution, acetylated (2.7 ml of triethanolamine and 0.5 ml of acetic anhydride in 200 ml of RNase-free water), dehydrated through a series of alcohols, and then hybridized with the riboprobes at 52 °C for overnight. The next day, the sections were washed through regular washing steps 23 , and were ready for immunohistochemistry to visualize astrocyte using a GFAP antibody as a molecular marker for astrocyte. After the washing steps, the sections were incubated with a milk blocking buffer (3% fat-free milk, 0.3% Triton X-100 in 0. Astrocyte primary culture. Mice at postnatal day 3 were killed by decapitation and the hypothalamus was collected in DMEM F12 (Gibco) plus 1% antibioticsantimycotics (Gibco). The hypothalamus was dissociated and the suspension was centrifuged for 7 min at 201g. The pellet was resuspended with DMEM F12 plus 10% fetal bovine serum (Gibco by Life Technologies) and 1% antibioticsantimycotics. This media was used to seed and grow cells in 25-cm 3 culture treated flasks at 37 °C and 5% CO 2 . The media was changed every 2 d until the cells reached the desired confluence. Once confluence was reached, between days 7 and 9 in vitro, the flasks were place in an incubator shaker at 280 r.p.m. at 37 °C overnight. After shaking, the cells were then washed with phosphatebuffered saline (Gibco), trypsinized and resuspended in DMEM F12 plus 10% fetal bovine serum and 1% antibiotics-antimycotics. The suspension was centrifuged for 5 min at 266g. After cell counting, the cells were seeded in poly-l-lysine hydrobromide-coated (10 µg ml −1 , Sigma-Aldrich) six-well plates at a concentration of 130,000 cells per well. The cells were grown for 24 h in DMEM F12 containing 10% fetal bovine serum and 1% antibiotics-antimycotics and then treated with 4-hydroxytamoxifen at a concentration of 1 µM or vehicle during 3 consecutive days. Cells were then collected for RNA extraction and PCR analysis.
Rt-PcR and ribosome profiling. RNA was extracted using QIAGEN RNeasy Micro Kit (#74004). cDNA was synthetized using QIAGEN Whole Transcriptome Kit (#207043). RT-PCR was performed in a Roche 480 LightCycler using Taqman probes (Agrp (Mm00475829_g1); Leprb (Mm01262069_m1); NeuN (Mm01248771_m1); s100β (Mm00485897_m1)). To validate the deletion of exon 17 in cording region of the leptin receptor gene, we designed specific primer set (forward, 5′-TCG ACA AGC AGC AGA ATG AC -3′; reverse, 5′-CTG CTG GGA CCA TCT CAT C-3′) and performed RT-PCR with tamoxifen-treated astrocyte primary cells.
Translating ribosome affinity purification (TRAP) was conducted in homogenate samples of hippocampus and hypothalamus obtained from AldH-EGFPL10a mice, which express green fluorescent protein in the ribosomes of AldH + cells and mice with loxP-flanked Rpl22 (ribosome protein subunit 22) 24 crossed with the Agrp-cre line, which express Rpl22 and HA proteins in ribosomes of AgRP neurons, thereby allowing for the immunoprecipitation of polysomes directly from astrocytes and AgRP neurons 24 . TRAP methods were conducted as previously published [25] [26] [27] . After RNA isolation, we obtained approximately 10-25 ng of RNA per sample. RT-PCR was performed as described above.
Statistical analyses. Statistical analyses were performed by use of Prism 6.0 software (GraphPad). Data distribution was assumed to be normal, but this was not formally tested. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous publication 16, 28 . All analyses were performed in a blinded manner. No randomization was used to assign experimental groups or to collect data but mice and cells were assigned to specific experimental groups without bias. Unpaired t test was performed to analyze significance between two experimental groups. Two-way ANOVA analysis was performed to detect interaction between treatment and genotype. Two-way repeated-measures ANOVA analysis was used to detect interaction between time and genotype. Significance was taken at P < 0.05.
A Supplementary methods checklist is available.
